Recent experimental evidence supports a role for binocular visual experience in the treatment of amblyopia. The purpose of this study was to determine whether repeated binocular visual experience with dichoptic iPad games could effectively treat amblyopia in preschool children.
A lthough patching treatment results in improved visual acuity for 73%-90% of amblyopic children, 15%-50% fail to achieve normal visual acuity after months or years of treatment. [1] [2] [3] [4] [5] [6] [7] [8] [9] Even among children who do achieve normal visual acuity with amblyopia treatment, the risk for recurrence of amblyopia is high. 1, 2, [10] [11] [12] [13] Patching treatment is based on the premise that amblyopia is a monocular disorder that can be treated by eliminating the etiologic factor (blur or misalignment) and forcing use of the amblyopic eye. 14 However, recent studies have elucidated a clear link between binocular dysfunction and the complex constellation of deficits that characterizes amblyopia, including visual acuity, vernier acuity, fixation instability, fusional suppression, and risk for residual and recurrent amblyopia. 15 The association of binocular dysfunction and the myriad of monocular and binocular deficits in amblyopia has led several investigators to propose the hypothesis that amblyopia is a monocular consequence of a primary binocular obstacle to normal visual development.
The classic view hypothesizes that habitual suppression of one eye eliminates the diplopia or visual confusion that results from strabismus or anisometropia and causes a reduction in the number of binocularly driven cortical excitatory neurons. However, recent evidence refutes this hypothesis; although binocular interaction does not normally occur in amblyopia, it can occur when fellow-eye contrast is reduced. 16 Recent physiological evidence also suggests that weak, noisy signals from the amblyopic eye can contribute to binocular vision if suppression by the fellow eye is reduced by signal attentuation (eg, reducing stimulus contrast). 17, 18 In addition, the lack of binocular responsiveness of V1 neurons in amblyopia is reversible when interocular suppression is removed by ionophoretic applications of bicuculline (a selective blocker of GABA receptors that blocks GABAergic inhibition). 19 Taken together, the psychophysical and physiological data support the hypothesis that active suppression renders a structurally intact binocular visual system functionally monocular in amblyopia.
Reduced fellow-eye contrast to equate the visibility for the amblyopic and fellow eyes allows at least some amblyopic adults to experience binocular vision. 16, 20 In small cohorts of amblyopic adults and schoolchildren, repeated practice with dichoptic perceptual judgments or dichoptic games with reduced fellow-eye contrast yielded reduction in the strength of interocular suppression and modest visual acuity improvement after just 1-5 weeks. [21] [22] [23] [24] Moving the dichoptic game to an iPod platform with lenticular overlay was a first step toward clinical application of a binocular approach to amblyopia treatment. 23 However, to date there have been only 2 lab-based studies of small samples of amblyopic adults using the iPod display with a lenticular overlay to play a dichoptic falling blocks game, a challenging game app in which falling blocks must be moved and rotated in order to fit together to build a wall. In addition, the iPod with lenticular overlay relies on stable head position for adequate dichoptic separation, excellent fine motor skills to manipulate the blocks, and cognitive skills to understand the complicated task. These requirements may make it difficult for young amblyopic children to play the iPod falling blocks game. In order to determine whether a binocular treatment approach could be effective for home use by amblyopic preschool children, we conducted an exploratory cohort study of 4 anaglyphic (red-green dichoptic) games presented on a larger iPad display for amblyopic children ages 3 to \7 years.
Methods
Eligible amblyopic children (3.7-6.9 years old) were referred to the study by five Dallas-area pediatric ophthalmologists. For the purposes of this study, amblyopia was defined as bestcorrected visual acuity $0.2 logMAR and an interocular difference of $0.2 logMAR associated with the presence or history of strabismus, anisometropia, or both in an otherwise healthy child who had been wearing spectacle correction for a minimum of 3 months. Strabismic amblyopia was defined as amblyopia in the presence of a heterotropia at distance and/or near fixation, a history of strabismus surgery, or resolution of misalignment following hyperopic spectacle correction, with a spherical equivalent interocular difference \1.00 D and \1.50 D interocular difference in astigmatism in any meridian. Anisometropic amblyopia was defined as amblyopia in the presence of a spherical equivalent interocular difference $1.00 D or $1.50 D interocular difference in astigmatism in any meridian with no measureable heterotropia at distance or near fixation. Combined mechanism amblyopia was defined as amblyopia in the presence of a heterotropia at distance and/or near fixation, a history of strabismus surgery, or a history of resolution of misalignment following a hyperopic spectacle correction and a spherical equivalent interocular difference $1.00 or $1.50 D interocular difference in astigmatism in any meridian. Children with .5 D of strabismus were excluded. In addition, children with prematurity of $8 weeks, developmental delay, or coexisting ocular or systemic diseases were excluded. Best-corrected visual acuity was independently assessed at our laboratory to confirm eligibility. Informed consent was obtained from a parent prior to enrollment in the study. The study was reviewed and approved by the UT Southwestern Medical Center Institutional Review Board and was compliant with the US Health Insurance Portability and Accountability Act of 1996.
Study Design
A total of 50 consecutive amblyopic preschool children were enrolled. The first 5 children were assigned to the sham iPad group and the remaining 45 children to the binocular iPad group. Data from a larger sham iPad group (n 5 25) have been previously reported. 25 Because the prior sham iPad had no significant improvement in visual acuity in the prior study, only a small concurrent sham iPad group was included in the present study. Best-corrected visual acuity and stereoacuity were measured at the baseline visit. Children and their parents were familiarized with the iPad and red-green glasses and practiced playing the iPad games. Subjects were provided with red-green glasses and headbands and written instructions about their use. They were instructed to play the iPad games for 4 hours per week for 4 weeks (16 hours total).
Visual acuity and stereoacuity were retested 3 months after the cessation of game play. Monocular best-corrected visual acuity was obtained for each eye using the ATS-HOTV protocol 26 presented on an electronic visual acuity (EVA) tester. 27 Stereoacuity was evaluated using 3 random dot tests, the Randot Preschool Stereoacuity Test (Stereo Optical Co Inc, Chicago, IL), the Stereo Butterfly Test (Stereo Optical Co Inc, Chicago, IL), and the Lang-Stereotest I (Lang-Stereotest AG, K€ usnacht, Switzerland). The Randot Preschool Stereoacuity Test was administered first followed by the random dot butterfly page of the Stereo Butterfly Test (the circles page was not used). Children who did not comprehend the Randot Preschool Stereoacuity Test (was unable to point to the correct black-and-white pretest images) were tested with the Lang-Stereotest I. All tests were administered and scored according to manufacturer's instructions and stereoacuity was the recorded as the finest disparity that the child was able to discriminate.
Binocular iPad Game Apps
The child could play any or all of 4 binocular iPad games using red-green anaglyphic glasses (in addition to spectacle correction, if any; green lens over the amblyopic eye). Images of the game screens are available as an e-Supplement 1 (available at jaapos. org). At the start of each game, an anaglyphic nonius alignment cross appeared to allow the child to adjust the binocular display, if necessary, for any small-angle strabismus (due to game design considerations, this adjustment was limited to AE5 D ).
In Falling Blocks, children moved and rotated falling blocks to fit them together with base blocks. High-contrast red falling blocks were visible to the amblyopic eye, the top 2 rows of stationary green base blocks were presented at reduced contrast and visible to the fellow eye, and the remaining base blocks were visible to both eyes. This game was similar to the lenticular iPad game used by Hess and colleagues 22 and To and colleagues 23 with amblyopic adults in a laboratory setting. In Balloon, the child pointed a launcher to try to place at least 3 balloons of identical shape adjacent to each other so that they would "pop" and disappear. High-contrast red balloons were visible to the amblyopic eye, low-contrast green balloons were visible to the fellow eye, and remaining balloons were visible to both eyes. Pong simulated a ping-pong game with one paddle for the iPad and another for the child. Children manipulated their paddle by tilting the iPad from side to side. The high-contrast red paddles were visible to the amblyopic eye and low-contrast green ball to the fellow eye. Labyrinth consists of a ball, a blinking hole, and a number of other holes. The high-contrast red ball was visible to amblyopic eye and the low contrast green holes to the fellow eye. The child tilted the iPad to roll the ball into the blinking hole without letting it fall into any other holes. For all 4 games, amblyopic eye contrast was set to 100% and, initially, fellow eye contrast was set to 15%-20%, based on the child being able to play the games successfully during training. Each game had a criterion score that required the child to play the game successfully for at approximately 15 minutes; the criterion score was constant. Fellow eye contrast was incremented by 10% (eg, 20%-22%) after each day on which the child achieved a criterion score, demonstrating that he or she was successful in combining information from both eyes to play the game. If the child was unable to achieve the criterion score with the increased fellow-eye contrast, fellow-eye contrast was decremented by 10% on the next day. Children in the sham iPad group also played the dichoptic iPad games, but with the contrast setting reversed, so that reducedcontrast images were presented to the amblyopic eye and highcontrast images to the fellow eye.
Because of the young age of the children and the experimental nature of the iPad dichoptic games, we did not require that the children forgo patching treatment. Some of the referring pediatric ophthalmologists prescribed 2 hours per day of patching concurrently with participation in this study, with patching to be applied at a different time of day. Each child was provided with a personalized calendar to record time spent on game play and patching, separately.
Data Analysis
Using an intent-to-treat approach, overall effectiveness of the binocular iPad games was evaluated by paired t test of baseline versus 4-week outcome best-corrected visual acuity and stereoacuity outcome. Visual acuity improvement was compared for the binocular iPad and sham iPad groups by t test. Descriptive statistics (mean and standard error) were used to characterize improvement in best-corrected visual acuity (baseline minus 4-week visual acuity) of children who played the binocular iPad games $8 hours ($50% compliance) versus children who played 0-4 hours (#25% compliance) and also of children who played the games $8 hours versus children who played the games $8 hours and patched 2 hours daily at a different time of day. In addition, the association between number of hours of binocular iPad game play and of patching with visual acuity improvement was evaluated by Pearson product-moment correlation.
Results
Baseline characteristics of each participant are provided in e-Supplement 2 (available at jaapos.org). Patients (23 girls) ranged in age from 3.8 to 6.9 years with a mean age (plus or minus standard deviation) of 5.6 AE 0.9 years. Mean visual acuity was 0.43 AE 0.18 logMAR (range, 0.2-1.0 logMAR). Thirty-seven children (74%) had nil stereoacuity, 6 (12%) had 800-1200 arcsec, and 7 (14%) had 100-200 arcsec. Most children (76%) had 3-18 months' patching treatment prior to baseline measurement. Three children (6%) had 2
D constant strabismus, and 3 (6%) had 2 D -4 D intermittent strabismus at baseline.
In the binocular iPad group, mean visual acuity (plus or minus standard error) improved from 0.43 AE 0.03 logMAR (20/54 Snellen equivalent) at baseline to 0.34 AE 0.03 (20/44 Snellen equivalent) at 4 weeks (mean improvement 5 0.09 logMAR; paired t 44 5 4.93; P \ 0.0001; Figure 1 ). Visual acuity results were similar for children with anisometropic, strabismic, and combined mechanism amblyopia (0.10 AE 0.04, 0.07 AE 0.03, and 0.09 AE 0.02 logMAR improvement). Visual acuity results were similar for children who had nil stereoacuity at baseline (n 5 35; 0.07 AE 0.03 logMAR improvement) and those who had measureable stereoacuity at baseline (n 5 10; 0.10 AE 0.04 logMAR improvement).
Stereoacuity did not significantly improve (paired t 44 5 1.35; P 5 0.18). All 35 children in the binocular iPad group who had nil stereoacuity at baseline also had nil stereoacuity at 4 weeks. Of the 10 children who had measureable stereoacuity at baseline, 6 had no change in stereoacuity at 4 weeks, 3 had improved stereoacuity, and 1 had worse stereoacuity.
The sham iPad group had no significant improvement in visual acuity at the 4-week visit; visual acuity was 0.40 AE 0.05 logMAR (20/50 Snellen equivalent) at baseline and 0.38 AE 0.06 (20/48 Snellen equivalent) at 4 weeks (mean improvement 5 0.02 logMAR; paired t 4 5 0.34; P 5 0.75; Figure 1 ). At the 4-week visit, visual acuity in the binocular iPad group had improved significantly more than in the sham iPad group (t 48 5 1.98; P 5 0.027).
Among the 45 children assigned to the binocular iPad group, 28 (62%) reported that they played the games $8 hours during the 4-week study ($50% compliance) and 17 (38%) reported playing the games 0-4 hours (0%-25% compliance). Overall, 20 of the 28 children (71%) who played $8 hours improved by $0.1 logMAR, 11 had 0.2-0.4 logMAR improvement, and 4 achieved 0.0 logMAR visual acuity (Figure 2 ). On the other hand, only 2 of the 17 children (12%) who played 0-4 hours had improved visual acuity, none improved 0.2-0.4 logMAR, and none achieved 0.0 logMAR visual acuity (Figure 2) . At the 4-week visit, mean visual acuity (plus or minus standard error) of children who played $8 hours had improved by 0.14 AE 0.02 logMAR. There was only 0.01 AE 0.01 logMAR improvement in the group that played 0-4 hours (Figure 1 ). There were no significant differences in baseline characteristics (age, etiology of amblyopia, history of prior amblyopia treatment, history of prior surgery, visual acuity, stereoacuity) between the 28 children who played the games $8 hours and the 17 children who reported playing the games 0-4 hours. There was a moderate correlation between the number of hours of game play and the change in logMAR visual acuity at 4 weeks (N 5 45; r 5 0.44; 95% CI, 0.17-0.65).
Among the 45 children assigned to the binocular iPad group, 30 (67%) reported that they patched 2 hours daily during the 4-week study and 15 (33%) reported no patching. At the 4-week visit, 10 children who played the games $8 hours and no patching had mean improvement (plus or minus standard error) in visual acuity of 0.14 AE 0.05 logMAR at 4 weeks; 18 children who played the games $8 hours and patched had similar improvement (0.12 AE 0.02 logMAR; Figure 1 ). In contrast, 12 children who played the games 0-4 hours but reported patching showed only a very small improvement in visual acuity (0.02 AE 0.01), and 5 children who played the games 0-4 hours and had no patching had small decrease in visual acuity at 4 weeks (À0.02 AE 0.02; Figure 1 ). The number of hours of patching was not correlated with the change in logMAR visual acuity at 4 weeks (N 5 45; r 5 0.05; 95% CI, À0.24 to 0.34).
Discussion
We evaluated the effectiveness of binocular iPad game play as a home treatment for amblyopia in children 3 to \7 years of age. Visual acuity improved with binocular iPad game play over a 4-week period. Children who played sham iPad games had no significant visual acuity improvement. Children who played the binocular iPad games for 8-18 hours over 4 weeks had visual acuity improvement similar to that achieved by patching for 2 hours daily for 4-6 weeks (56-84 hours patching) in studies that required spectacle wear for 1-4 months prior to baseline. 6, 8, 28 About 40% had improvement of 0.2 to 0.4 logMAR (2 lines) and 15% achieved visual acuity of 20/20 in 4 weeks. Previous studies of dichoptic game play with reduced fellow-eye contrast in a supervised setting have shown similar improvements in visual acuity in adults and children. 24, 25 In the present study stereoacuity did not improve significantly in amblyopic children whose visual acuity improved while playing binocular iPad games. Prior studies of dichoptic game play by amblyopic adults have reported improvements in stereoacuity. [21] [22] [23] Differences between the present study and these prior reports may have resulted from the use of random dot stereoacuity tests in the present study and contour or hybrid stereoacuity tests in the adult studies. The relationship between stereoacuity and visual acuity is complex, and stereoacuity alone does not fully characterize binocular vision. Therefore, lack of change in random dot stereoacuity during the present study should not be construed as inconsistent with the rationale for binocular treatment.
Compliance with the recommended binocular iPad game play time of 16 hours was reported to be $50% by 62% of our participants; the other 38% reported playing the games for 0-4 hours, with a mean compliance of 59% AE 6%. The mean compliance is similar to the 44%-58% compliance reported in recent studies that objectively monitored patching. [29] [30] [31] The present study was limited by the fact that it was not a randomized clinical trial; rather, it was an exploratory cohort study that was designed to determine whether an improvement in visual acuity could be observed in amblyopic preschool children following a brief, 4-week experience playing binocular iPad games. This study does provide the first quantitative data on effect size and compliance for a home-based binocular treatment for amblyopia in preschool children, and evaluated the effect of sham iPad treatment in a small concurrent cohort. However, a randomized clinical trial is needed to evaluate the effectiveness of home-based binocular treatment in routine clinical practice and to compare its effectiveness with the current standard of care.
A second limitation of the present study is that patching treatment was not prohibited, as long as it was applied at a different time of day. Although some children did patch 2 hours daily during the 4-week binocular iPad study, patching did not augment the visual acuity improvement observed compared to the visual acuity improvement observed in children who did not patch. Patching alone had little effect on visual acuity during the 4-week study period, likely because 75% of the cohort had 3-18 months patching treatment prior to enrollment. Most of the benefit of patching treatment is seen with 150-250 hours of treatment, that is, 2.5-4 months. 28 Amblyopia originates from a binocular discordance of visual inputs to both eyes due to strabismus, anisometropia, or both. It is one of many manifestations of a binocular barrier to normal visual development of central visual pathways. The mainstays of amblyopia treatment, patching and atropine, are monocular treatments that improve visual acuity but do not address the underlying binocular dysfunction. The results of this exploratory cohort study suggest that a binocular approach to amblyopia treatment may be an effective treatment for amblyopia in preschool children.
